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Boron carbide (B4C) is very hard, but its applications are hindered by stress-induced amorphous band
formation. To explain this behavior, we used density function theory (Perdew-Burke-Ernzerhof flavor) to
examine the response to shear along 11 plausible slip systems. We found that the ð011¯ 1¯Þ=h1¯101i slip
system has the lowest shear strength (consistent with previous experimental studies) and that this slip leads
to a unique plastic deformation before failure in which a boron-carbon bond between neighboring
icosahedral clusters breaks to form a carbon lone pair (Lewis base) on the C within the icosahedron. Further
shear then leads this Lewis base C to form a new bond with the Lewis acidic B in the middle of a CBC
chain. This then initiates destruction of this icosahedron. The result is the amorphous structure observed
experimentally. We suggest how this insight could be used to strengthen B4C.
DOI: 10.1103/PhysRevLett.113.095501 PACS numbers: 61.50.Ks, 62.20.M-, 64.70.-p, 82.40.Fp
Boron carbide (B4C) exhibits such novel properties as
high melting temperature, high thermal stability, high hard-
ness, low density, and high abrasion resistance [1–11]. The
combination of these properties makes it widely useful in
refractory applications, as abrasive powders, in body armor,
and as a neutron radiation absorbent [1–4]. However, the
brittle failure under impact exhibited by B4C prevents the
wide insertion of boron carbide into extended engineering
applications. Although B4C has a high Hugoniot elastic limit
(HEL) of 17–20 GPa, approximately twice that of normal
ceramics, it fractures easily just above the HEL at high
impact velocities and pressures [12–15]. Chen et al. reported
the observation of shock-induced local amorphization bands
that might be responsible for the low fracture toughness of
B4C [6]. In addition, amorphization bands had been
observed in nanoindentation and scratch experiments, where
the loading rate is much lower than for dynamical shock
loading [16–19]. Particularly, recent nanoindentation experi-
ments revealed amorphous shear bands along the (011¯ 1¯)
plane [19]. Indeed, the same amorphous shear band has been
observed experimentally in boron suboxide (B6O) [20]. An
attempt to understand this through Gibbs free-energy calcu-
lations based on density functional theory suggested that the
ðB12ÞCCC structure provides a possible source of failure of
boron carbide just above the HEL [7]. However, despite these
extensive experimental and theoretical efforts, the atomistic
mechanism underlying pressure-induced amorphization and
phase transitions of boron carbide is still not known [3].
Stressed materials normally dissipate the accumulating
elastic energy through plastic deformation that is mediated
by dislocation slip and deformation twinning in metallic
systems. Unlike these general deformation mechanisms in
conventional metallic materials, we find that boron carbide
deforms by atomic scale amorphous band formation, a
particular mode of deformation that causes the material to
be quite brittle, failing catastrophically due to uninhibited
propagation of the amorphous bands. This amorphous
band formation deformation mechanism makes the B4C
a very good example to show that ultrahigh elastic stiffness
does not necessarily translate into ultrahardness. Thus,
this mechanism of amorphous band formation in B4C is
essential to understand the deformation mechanism on
covalent solids. In addition, understanding the role of
bonding changes during deformation is essential to
improve the material properties for hard covalent solids
as indicated by several recent papers [21–24]. To under-
stand these issues, it is necessary to examine the structural
and bonding character in boron carbide under stresses.
Previous simulations studied only hydrostatic or uniaxial
compression on arbitrary directions [8,25]. We find that the
directional nature of amorphous band formation requires
study of a variety of deformation paths.
In order to obtain this atomistic understanding of the
failure of B4C, we applied finite shear deformation until
failure along 11 different slip systems of B4C using density
functional theory (DFT) at the Perdew-Burke-Ernzerhof
(PBE) functional level. We found that the ð011¯1¯Þ=h1¯101i slip
system has the lowest shear strength among these 11 cases,
leading to failure after a shear stress of 37.2 GPa at 0.331
strain. This explains the recent experimental observation [19]
that the shear-induced amorphization preferentially takes
place along the crystal plane (011¯ 1¯) under nanoindentation.
We then extracted the atomistic mechanism of the failure
along this particular slip system. We found that the failure
process of B4C is directly related to the interaction of the
CBC chain with the icosahedron. The key steps of the
failure are (1) first, a B-C bond is broken between
neighboring icosahedra; (2) this results in a lone pair on
the C (a Lewis base) and an empty orbital on the B; (3) this
lone pair on the C then interacts with the middle boron
in the CBC chain, which formally has C-Bþ-C character
making this chain B a Lewis acid; (4) the formation of the
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Lewis base–Lewis acid bond from the icosahedral C to the
chain B reduces the bond orders of the five intraicosahedral
B bonds to this C, stretching them.
The result is decomposition of the icosahedral structure,
leading to amorphization.
In order to clarify these issues further, we next give some
background information on these B4C systems. The boron
carbide structure B4C consists of 12-atom icosahedral
clusters at the vertices of a rhombohedral lattice that are
cross-linked by atomic chains of three atoms along the
trigonal axis (the c axis of the hexagonal representation) of
the rhombohedral unit cell shown in Fig. S1(a) of the
Supplemental Material (SM [26]) [3,27]. Each icosahedral
cluster has two types of chemically distinct sites: six
equatorial sites that each connect to a chain and six polar
sites that each connect directly to another icosahedron.
However, the distribution of the carbon atoms between the
icosahedral cluster and the three-atom chain is not known
experimentally. This leads to two plausible chain structures:
C-B-C in which each C bonds to three icosahedra making
the B formally Bþ with just two sigma bonds and C-C-C in
which the central C is formally C2þ with just two sigma
bonds. Combining the chains with the icosahedra leads
to three likely structures: ðB11CpÞCBC, ðB11CeÞCBC, and
ðB12ÞCCC, where Cp represents the carbon on the polar site
and Ce represents the carbon on the equatorial site. DFT
(PBE flavor) calculations show that ðB11CpÞCBC is the
ground state, with ðB11CeÞCBC 0.54 eV=unit cell higher,
and (B12)CCC 1.09 eV=unit cell higher as shown in
Fig. S2 of the SM [26]. For the ground state structure
ðB11CpÞCBC, all bonds in the chain and the exopolyhedral
bonds of the B11C unit can be considered as two-center–
two-electron (2c-2e) bonds. Thus, the boron B in the linear
C-B-C chain must transfer one of its electrons, becoming
Bþ. This is compatible with the (B11Cp) cage, which
requires one additional electron to stabilize the icosahedral
structure (26 skeleton bonding electrons, based on
Wade’s rule [28,29]). This leads to a representation as
ðB11CÞ1−ðC-Bþ-CÞ for the B4C ground state structure.
All periodic calculations were performed with the VASP
package [30–32], using the PBE functional and the projector
augmented wave method to account for the core-valence
interactions [33]. We found that a kinetic energy cutoff of
500 eV for the plane wave expansions gives excellent
convergence of the total energies, energy differences, and
structural parameters. Reciprocal space was sampled using
the Γ-centered Monkhorst-Pack scheme with a fine reso-
lution less than 2π × 1=60 Å−1 except for the shear simu-
lations. The convergence criteria were set to 1 × 10−6 eV
energy difference for solving for the electronic wave
function and 1 × 10−3 eV=Å force for geometry optimiza-
tion. The finite cluster calculations were performed with the
Jaguar package [34], using the Becke three-parameter Lee-
Yang-Parr hybrid functional [35] at the 6–311 G** level.
To examine the mechanical response of B4C under shear
deformation, we imposed strain on a particular component
while allowing structure relaxation for the other five strain
components [36]. The residual stresses for relaxation of
these other strain directions are all less than 0.5 GPa.
The stress-strain curves were computed to provide insights
into the mechanisms responsible for the elastic and plastic
deformation as well as to identify the fracture modes. For
the shear simulations we used supercells varying from 120
to 180 atoms for various slip systems while only the gamma
point was sampled in the Brillouin zone.
The substitution of carbon into the B12 icosahedron
induces small distortions in the R3¯m symmetry [3]. For
the ðB11CpÞCBC distorted rhombohedral structure, PBE
gives equilibrium lattice parameters a ¼ 5.207 Å, b ¼
5.057 Å, c ¼ 5.207 Å and α ¼ 66.012°, β ¼ 65.159°,
γ ¼ 66.012°, leading to a density of ρ ¼ 2.525 g=cm3,
comparable to the experimental values of a ¼ 5.171 Å,
α ¼ 65.68°, and ρ ¼ 2.518 g=cm3 at 300 K [2]. From
distortions near equilibrium we derived the elastic moduli
using the Voigt-Reuss-Hill approximation [37], leading to a
bulk modulus of B ¼ 238 GPa, and a shear modulus of
G ¼ 199 GPa.We also computed theKnoop hardness using
the electronegativity approach [38,39], leading to a value of
31.7GPa. These results are in good agreementwith previous
calculations and experimental data [2,3,40–42]. The equa-
tions of states for various B4C stoichiometric structures are
shown in Fig. S2 of the SM [26]. We find that the
ðB11CpÞCBC structure is the ground state structure, con-
sistent with previous DFT results [3].
To understand the shear-induced amorphous band for-
mation in boron carbide, we examined the shear strength
at 0 K of 11 slip systems. In particular, we examined (a)
the two amorphous slip systems of ð011¯ 1¯Þ=h1¯101i and
ð112¯3Þ=h12¯10i, which recent experiments [6,19] show form
amorphous bands along (011¯ 1¯) and (112¯3) planes, respec-
tively, (b) the three proposed slip systems of ð0001Þ=h1¯010i,
ð0001Þ=h101¯0i, and ð101¯1Þ=h123¯ 1¯i that form twin defects
on the (0001) and (101¯1) planes [43,44], (c) one cleavage
plane slip of ð1100Þ=h11¯00i from the depressurization
amorphization experiments of single-crystal boron carbide
[8], (d) the three typical hcp slip systems of ð0001Þ=h112¯0i,
ð101¯0Þ=h112¯0i, and ð101¯1Þ=h112¯0i, and (e) two arbitrary
slip systems of ð0001Þ=h011¯0i and ð101¯0Þ=h0001i, where
the shear directions are perpendicular and parallel to the
CBC chain, respectively.
Figure S1(b) of the SM [26] shows the shear simulation
model of the ð011¯ 1¯Þ=h1¯101i slip system, where the (011¯ 1¯)
plane shears along the h1¯101i direction. The shear strength
and critical fracture strain were derived from the stress-
strain relation of the above systems as shown in Table S1 of
the SM [26]. We find that the amorphous slip system
ð011¯ 1¯Þ=h1¯101i has the lowest shear strength among all 11
slip systems, indicating that it is the most likely to form
under pressure. However, this slip plane is not a favorable
dislocation slip plane [which are (0001) and (101¯ 1¯)
planes [6,42,43]]; thus, it leads to formation of amorphous
bands [19]. Our results agree exactly with recent
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nanoindentation experiments where shear-induced amorph-
ization preferentially takes place along the (011¯ 1¯) plane
[19]. Thus, understanding the failure modes along the
(011¯ 1¯) slip system is essential to discover the origin of low
toughness of boron carbide.
We find that the twin slip ð101¯1Þ=h123¯ 1¯i has the second
lowest ideal shear strength. This may explain why the
(101¯1) type of twin forms in B4C during hot pressed
synthesis processes [6,43,44].
Figure 1 displays the stress-strain relation of the five
selected slip systems.Herewe selected (1) the two amorphous
slip system of ð011¯ 1¯Þ=h1¯101i and ð112¯3Þ=h12¯10i, (2) the
twinningslip systemsof ð101¯1Þ=h123¯ 1¯i and ð0001Þ=h101¯0i,
and (3) the typical hcp slip system ð101¯1Þ=h112¯0i.
The stress-strain curves for both amorphous slip systems
show an abnormal ductile deformation region (above 0.1
shear strain) where the stress initially drops and then
increases before failure. This indicates a two-step failure
process for the amorphous slip systems. In contrast, the
other slip systems lead to stress-strain curves showing an
abrupt drop in stress at the point where the strain fails,
indicating a one-step failure process.
To understand the nature of the two-step failure process
for the ð011¯ 1¯Þ=h1¯101i amorphous slip system, Fig. 2
shows the structural deformations at various strains.
Figure 2 also shows the isosurface (at 0.85) of the electron
localization function (ELF) [45,46]. The ELF, which ranges
from 0 to 1, enables an effective and reliable analysis of
covalent bonding and lone pair formation. The boron-
carbon bonds between the icosahedra stretch continuously
under shearing, as shown in Fig. S3 of the SM [26], but
they do not break at the strain of 0.209 that corresponds to
the shear strength. The ELF in Fig. 2(a) shows that the
B-C covalent bond between icosahedra still exists. As the
strain increases to 0.245 [Fig. 2(b)], the ELF of the B-C
bond moves totally to the icosahedral carbon indicating that
the B-C bond is fully broken. The ELF in the icosahedral
carbon shows lone pair formation. After breaking the B-C
bond, the icosahedron has ten 2c-2e exopolyhedral bonds
and 26 electrons for skeleton bonding (considering the one
additional electron from the CBC chain). Thus, the icosa-
hedral carbon atom has a lone pair pointing in the previous
B-C bond direction, corresponding to a singlet carbene.
With further strain the CBC chain moves closer to the
carbene up to a strain of 0.331. Finally, at 0.348 strain, the
middle B in the CBC chain forms a Lewis acid–Lewis base
bond to the C atom in the icosahedron, leading to a sharp
drop in the shear stress. Finally, continued shear destroys
the icosahedral structures, fully relaxing the shear stress.
To get a better understanding of the failure process, we
examined the deformation of one icosahedron in the crystal
structure after the B is bonded to the carbene as shown in
Fig. 3. We also included four of the CBC chains attached
to the icosahedron. Here, we selected only the four CBC
chains related to the destruction of icosahedron (each
icosahedron is bonded to six CBC chains). At the strain
of 0.331, the icosahedron is deformed due to the shear,
but is still not broken. As the strain increases to 0.348, the
middle chain boron bonds to the carbene, reducing the
bond orders of the five icosahedral boron atoms bonded to
this carbon, stretching them in the chain direction, which in
turn increases the intracage bonds: B1-B2 bond from
1.84 to 2.02 Å, B1-B3 from 2.08 to 2.57 Å, as shown
in Fig. 3(b). This leads to destruction of the icosahedron
with a decrease in shear stress. At 0.397 strain, an addi-
tional boron in the breaking icosahedron bonds to the
chain carbon, giving the chain carbon five bonds, which
decreases the bond orders of the previous bonds. This
weakens and breaks the previous B-C chain bond at 0.429
strain. Previously, it was proposed that shear deformation
along (011¯ 1¯) would preferentially take place along this
plane by the deformation and debonding of the three-atom
chains [19]. However, our results find a different mecha-
nism in which the shear deformation is mainly related to the
interaction of the CBC chain with the carbene formed by
the previous breaking of the B-C bond between icosahedra.
To investigate the chemical nature of the failure process,
we selected one icosahedron from the crystal under various
strains and terminated the exopolyhedral bonds with
hydrogen atoms to form a finite cluster model. This leads
to the ðB11CH12Þ1− model for the unstrained state, the
ðB11CH10Þ1− model for 0.331 strain where the carbene
forms, and the ðB11CH11Þ0 model for 0.348 strain, where
the Lewis acid–Lewis base bond forms. Here, we fixed the
icosahedron atoms and relaxed the hydrogen atoms. The
calculated molecular orbitals HOMO and LUMO for
these models are shown in Fig. S4 of the SM [26].
For the unstrained structure, the HOMO shows the tangen-
tial character indicating a π-type interaction of the
icosahedron to the CBC chain or to other icosahedra.
The HOMO-LUMOgap is 8.14 eV for the unstrained status.
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FIG. 1 (color online). The stress-strain relations for five selected
slip systems under shear. The filled black circles represent the key
failure steps that are examined in Figs. 2 and 3.
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At the strain of 0.331 where the carbene forms but has not
reacted with the chain B, the HOMO shows obvious radial
character on the icosahedral carbon atom, indicating very
reactive character. At this point the HOMO-LUMO gap is
decreased to 3.03 eV. Finally at the strain of 0.348 the Lewis
acid–Lewis base bond forms and the HOMOgoes back to the
dominantly tangential character. However, the molecular
orbital in the broken icosahedron region is more prominent.
Here, the HOMO-LUMO gap is increased to 3.74 eV.
Inspired by the shear band formation in metallic glass
[47], we propose that the amorphous band formation in B4C
proceeds as follows. First, local failure happens by breaking
of an intericosahedral B-C bond, leading to a “shear trans-
formation zone” (STZ). Here, we use STZ to describe a local
failure structure that accommodates the applied shear strain.
The STZ involves localized structures that undergo intense
distortion from an initial to final equilibrium position
through an intermediate activated state of high energy.
Then, as continued propagation of this applied shear strain
occurs, one STZ creates a localized distortion of the
surrounding material, which triggers the formation of large
planar bands of STZs, that is the “amorphous bands.”
FIG. 2 (color online). The calcu-
lated isosurfaces of the electron
localization function (ELF) and
structures of ðB11CpÞCBC along
the ð011¯ 1¯Þ=h1¯101i slip system:
(a) the strain of 0.209 corresponds
to the shear strength, (b) the strain of
0.245 where the B-C bond between
icosahedra is totally broken leading
to formation of a lone pair on the
carbon, (c) the critical failure strain
of 0.331, (d) the strain of 0.348
where failure starts by the carbon
lone pair forming a Lewis base–
Lewis acid bond to the middle chain
boron. The circles highlight the key
region at which changes occur. The
boron and carbon atoms are repre-
sented by the green and sienna balls,
respectively. The blue line indicates
the future broken bonds.
FIG. 3 (color online). The structural evolution in the failure process shearing along the ð011¯ 1¯Þ=h1¯101i slip system (here we show just
one icosahedron and four CBC chains): (a) the critical failure strain of 0.331, (b) the stain of 0.348 where the middle chain boron reacts
with the carbon lone pair, stretching (represented by the arrow) and deconstructing the icosahedron, (c) the strain of 0.397 where the
chain carbon is bonded to two B in the broken icosahedron, (d) the strain of 0.429 where the B-C bond in the chain is broken. The boron
and carbon atoms are represented by the green and sienna balls, respectively.
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In summary, we investigated the shear-induced amor-
phous band formation in B4C. The shear strength for the
slip system ð011¯ 1¯Þ=h1¯101i is the lowest among all 11 slip
systems. The activation of this slip system under stress
leads to amorphous band formation. The atomistic descrip-
tion of the failure process is as follows: first, the inter-
icosahedron B-C bond breaks, leading to carbene formation
(Lewis base), then the carbene reacts with the middle boron
in the chain (Lewis acid), which in turn withdraws electrons
from the icosahedron leading to its destruction. This
demonstrates a unique failure process of B4C, leading to
amorphous band formation. Since the other two stable
structures for B4C∶ ðB11CeÞCBC (0.54 eV less stable) and
ðB12ÞCCC (1.09 eV less stable) have no intericosahedral
B-C bond, we expect them not to exhibit this failure mode.
This suggests that modifying the synthetic processes to
minimize ðB11CpÞCBC character in favor of the other two
could improve the strength of the materials. Since each
phase has distinguishable Raman and IR spectra, one might
be able to rapidly optimize these synthetic conditions.
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